We present updated calculations of stellar evolutionary sequences and detailed nucleosynthesis predictions for the brightest asymptotic giant branch (AGB) stars in the Galaxy with masses between 5M ⊙ to 9M ⊙ , with an initial metallicity of Z = 0.02 ([Fe/H] = 0.14). In our previous studies we used the Vassiliadis & Wood (1993) mass-loss rate, which stays low until the pulsation period reaches 500 days after which point a superwind begins. Vassiliadis & Wood (1993) noted that for stars over 2.5M ⊙ the superwind should be delayed until P ≈ 750 days at 5M ⊙ . We calculate evolutionary sequences where we delay the onset of the superwind to pulsation periods of P ≈ 700 − 800 days in models of M = 5, 6, and 7M ⊙ . Post-processing nucleosynthesis calculations show that the 6 and 7M ⊙ models produce the most Rb, with [Rb/Fe] ≈ 1 dex, close to the average of most of the [Rb/Fe] as large as 0.5 dex in models with a delayed superwind. The largest enrichment in heavy elements is found for models that adopt the NACRE rate of the 22 Ne(α,n) 25 Mg reaction. Using this rate allows us to best match the composition of most of the Rb-rich stars. A synthetic evolution algorithm is then used to remove the remaining envelope resulting in final [Rb/Fe] of ≈ 1.4 dex although with C/O ratios > 1. We conclude that delaying the superwind may account for the large Rb overabundances observed in the brightest metal-rich AGB stars.
Introduction
García-Hernández et al. (2006) and García-Hernández et al. (2009) identified several Galactic and Magellanic Cloud intermediate-mass asymptotic giant branch (AGB) stars within a sample of OH/IR stars (i.e., bright O-rich giants with large infrared excesses). The large enhancements of the neutron-capture element rubidium (Rb) found by these authors, combined with the fact that these stars are O-rich, support the prediction that hot bottom burning (HBB) and an efficient third dredge-up (TDU) have occurred in these stars (García-Hernández et al. 2007 ). The Rb is hypothesized to be produced by the slow neutroncapture process (the s process) in intermediate-mass AGB stars, that in this context have masses over M 4M ⊙ . An enrichment in the element Rb over the elements Sr, Y, and Zr is a tantalizing piece of evidence for the efficient operation of the 22 Ne(α,n) 25 Mg neutron source in intermediate-mass AGB stars (Truran & Iben 1977; Cosner et al. 1980) . This is because the production of Rb is sensitive to the high neutron density associated with this neutron source (Lambert et al. 1995; Abia et al. 2001; van Raai et al. 2012) . These observational results are particularly important because there is a paucity of observational evidence for constraining stellar models of intermediate-mass AGB stars, and especially the efficiency of the TDU and HBB. These two last points are much debated in the context of the globular cluster abundance anomalies (Karakas et al. 2002; Stancliffe et al. 2004; Herwig 2004; Ventura & D'Antona 2005a; Karakas et al. 2006a ). Intermediate-mass AGB stars play an important role in chemical evolution of galaxies and stellar systems by producing substantial nitrogen (e.g., Romano et al. 2010; Kobayashi et al. 2011) . These stars may also prove to be important for the chemical evolution of a select number of neutron-capture elements such as Rb (Travaglio et al. 2004) .
Briefly, during the thermally-pulsing AGB phase the He-burning shell becomes thermally unstable every ≈ 10 3−4 years for stars with H-exhausted core masses over M c 0.8M ⊙ (see Herwig 2005 , for a review). The energy provided by the thermal pulse (TP) expands the whole star, pushing the H shell out to cooler regions where it is almost extinguished, and subsequently allowing the convective envelope to move inwards (in mass) to regions previously mixed by the TP driven convective zone. This inward movement of the convective envelope is known as the third dredge-up (TDU), and is responsible for enriching the surface in 12 C and other products of He-burning, as well as heavy elements produced by the s process (e.g., Busso et al. 1999) . In intermediate-mass AGB stars with initial masses 4M ⊙ , the base of the convective envelope can dip into the top of the H-burning shell, causing proton-capture nucleosynthesis to occur there (see Lattanzio et al. 1996 , for a review). HBB nucleosynthesis converts the newly created 12 C into 14 N and can prevent the formation of a C-rich atmosphere where C/O ≥ 1.
van Raai et al. (2012) performed a detailed study on the production of Rb in stellar models of intermediate-mass AGB stars covering a range in compositions from solar metallicity down to the metallicity of the Small Magellanic Cloud (Z = 0.004 or [Fe/H] 1 = −0.7). While the qualitative features of the observations could be reproduced (increasing [Rb/Fe] ratio with increasing stellar mass or decreasing metallicity) the models could not reproduce the stars with the highest Rb abundances, which have [Rb/Fe] 2.0. A few possible solutions were suggested including extending the calculations to include models of mass higher than 6M ⊙ . Another solution was to consider variations of the mass-loss rate used on the AGB phase, which is known to be highly uncertain (e.g., Groenewegen et al. 2009 ).
The objective of our work is to explore two of the possible solutions to the models not producing enough Rb: 1) we extend our calculations to include models of up to 9M ⊙ , and 2) we vary the AGB mass-loss rate in order to increase the number of TPs and TDU mixing episodes. For the purposes of the present study we concentrate on models of Z = 0.02 (which in this context are slightly super-solar metallicity, see §2). We expect that any of the proposed solutions, should they work, would apply equally well to stellar evolution models with metallicities appropriate for stars in the Large and Small Magellanic Clouds (hereafter LMC and SMC) . This is because lower metallicity AGB stars already take many more TPs to reach the superwind phase owing to their smaller radii and smaller pulsation periods than solar metallicity AGB stars. We also examine the effect of variations in the nuclear network and variations in the 22 Ne +α reactions, including adopting the latest rates for these reactions from Iliadis et al. (2010) .
-4 -The outline of this paper is as follows. We begin with a description of the new stellar evolutionary sequences and in §3 we present the new stellar nucleosynthesis predictions. In §4 we present the results of the synthetic evolution to the tip of the AGB and we finish with a discussion of the new results obtained in §5. Final remarks are given in §6.
New Stellar Evolutionary Sequences
We calculate the stellar evolution and nucleosynthesis in two steps. First, we use the stellar evolution code described in Karakas & Lattanzio (2007, and references therein) to follow the evolution of the stellar structure and abundances important for stellar evolution (H, 3 He, 4 He, 12 C, 14 N, and 16 O) from the zero-aged main sequence (ZAMS) to near the end of the AGB phase. Then we perform detailed post-processing nucleosynthesis calculations to obtain heavy-element yields from the stellar evolutionary sequences. In this study, we use the same stellar evolution code used in Karakas et al. (2010) , which includes the carbon and nitrogen-rich low-temperature opacity tables from Lederer & Aringer (2009) . The rate for the 14 N(p,γ) 15 O reaction has been updated to Bemmerer et al. (2006) , while the rate for the triple-α reaction has been updated to NACRE (Angulo et al. 1999) . We use the mixing length (MLT) theory for convective regions and we set the mixing length parameter α = 1.86. The temperature gradient in the convective envelope is determined by the theory of convection used in the calculations. It can have a substantial effect on the structure of the convective envelope and influences surface properties such as the luminosity and effective temperature. It also greatly influences the efficiency of HBB, with the result that a shallower temperature gradient results in stronger burning and higher luminosities (see detailed discussion in Ventura & D'Antona 2005a) . In lower mass AGB stars, increasing α can also increase the efficiency of the TDU (Boothroyd & Sackmann 1988) . In the intermediate-mass stars we are considering here, the TDU is already very efficient (λ 0.9, see below) so it is not clear that increasing α will lead to a noticeable increase in the production of Rb. Regardless, we perform one calculation of a 6M ⊙ , Z = 0.02 model with α = 2.5.
For this study we concentrate on models with an initial composition of Z = 0.02, where we set the solar metallicity to be Z ⊙ = 0.015, very close to the proto-solar nebula solar metallicity of 0.0142 given in Asplund et al. (2009) . The masses considered for this study are M = 5, 6, 7, 8 and 9M ⊙ . For each of these masses we compute one evolutionary sequence using the standard Vassiliadis & Wood (1993) mass-loss prescription. For the M = 5, 6 and 7M ⊙ models we compute one evolutionary sequence using the modified Vassiliadis & Wood (1993) mass-loss prescription described below in §2.1. At this metallicity, we found that M = 8M ⊙ is the limit for producing a C-O core, and even at this mass we found one -5 -carbon flash during which a small fraction of the C-O core was burnt to neon (similar to the models in Doherty et al. 2010) . The 9M ⊙ model went through off-center carbon ignition and (almost) complete core carbon burning and entered the thermally-pulsing AGB with an ONe core. AGB stars with O-Ne cores are known as "super-AGB stars" and experience HBB with temperatures at the base of the envelope of T 100 × 10 6 K. There are considerable uncertainties surrounding the stellar modeling of super-AGB stars including the treatment of core carbon ignition and burning and the efficiency of the TDU (Siess 2010; Doherty et al. 2010; Ventura & D'Antona 2011) . Here we simply use the 9M ⊙ model as an illustrative example of the heavy-element nucleosynthesis in super-AGB stars in comparison to lowermass AGB stars with C-O cores.
Mass loss in bright O-rich AGB stars
Dealing with the extent and temporal distribution of mass-loss in AGB stars is a major uncertainty in stellar modeling (Ventura & D'Antona 2005b) . In the existing stellar evolution code, the Reimers (1975) mass-loss prescription is used on the first giant branch with η = 0.4, and the Vassiliadis & Wood (1993) mass-loss prescription is used on the AGB. According to this prescription the mass-loss rate depends on the radial pulsation period and stays low (Ṁ ×10 −6 M ⊙ year −1 ) until the period, P , exceeds 500 days. After this time a luminosity driven superwind begins and the mass-loss rate increases to a few ×10 −5 M ⊙ year −1 and removes the envelope quickly, in a few TPs. Vassiliadis & Wood (1993) noted that there are optically bright long period variable stars with periods of ≈ 750 days that are probably intermediate-mass stars of ∼ 5M ⊙ . In order to prevent their mass-loss prescription from removing these observed objects, Vassiliadis & Wood (1993) recommended a modification to delay the onset of the superwind in stars of masses greater than 2.5M ⊙ . This suggestion is supported by the optical observations of OH/IR stars, which show that the number of obscured (dust enshrouded) stars dramatically increases for periods longer than 700 days (see Table 12 in García-Hernández et al. 2007 ). This modification was not used in the AGB model calculations presented by Karakas (2010) and used in the van Raai et al. (2012) study.
Here we explore the effect of delaying the onset of the superwind phase on the AGB nucleosynthesis. To do this, we adopt the modification to the Vassiliadis & Wood (1993) mass-loss prescription. Specifically, we modify Equation 2 of Vassiliadis & Wood (1993) such that the superwind begins at a pulsation period of P ≈ 700 − 800 days, depending on the initial stellar mass. For comparison to observational data, the Vassiliadis & Wood (1993) mass-loss prescription gives pre-superwind mass-loss rates between ≈ 10 −8 to ≈ 10 −6 M ⊙ -6 -year −1 , and superwind mass-loss rates between a few ×10 −5 M ⊙ year −1 up to a maximum of ≈ 10 −4 M ⊙ year −1 in the most massive AGB model of 9M ⊙ . These peak values are about a factor of three to ten less than the maximum mass-loss rates measured in red supergiants, which have mass-loss rates up to ≈ 10 −3 M ⊙ year −1 (van Loon et al. 1999a; De Beck et al. 2010) . De Beck et al. (2010) find a clear relation between the pulsation periods of the AGB stars and the derived mass-loss rates, and note that the mass-loss rates level of at 3×10
−5 M ⊙ year −1 for periods exceeding about 850 days. This suggests that delaying the onset of the superwind to P ≈ 700 − 800 days is a suitable although somewhat conservative choice.
Here in this study we concentrate on variations to the Vassiliadis & Wood (1993) massloss prescription. There are several justifications for using the empirical mass-loss prescription from Vassiliadis & Wood (1993) instead of other empirical or theoretical mass-loss prescriptions (e.g., Arndt et al. 1997; Blöcker 1995; Wachter et al. 2002 Wachter et al. , 2008 van Loon et al. 2005) . Importantly, the model stars we are considering are bright oxygen-rich AGB stars (i.e., C/O < 1) for most of their TP-AGB phase owing to efficient HBB. This means that the mass-loss rates of e.g., Arndt et al. (1997) and Wachter et al. (2002) which were derived for C-rich stars, are not appropriate for our model stars. In comparison, the sample used by Vassiliadis & Wood (1993) had Galactic and Magellanic Cloud C-rich and O-rich AGB stars and covered a large range of pulsation periods and luminosities.
Furthermore, the stellar effective temperatures of even the most massive AGB model stars we compute are log T eff ≈ 3.45. These effective temperatures are similar to the M-type AGB stars in the Hertzsprung-Russell diagram of van Loon et al. (2005, their Fig. 12 ). This means that M-type AGB mass-loss rates are more suitable for our model stars than red supergiant mass-loss rates, even though their predicted luminosities are near or just above the the classical AGB limit of log L/L ⊙ ≈ 4.75. Using the derived mass-loss rate for M-type stars from van Loon et al. (2005, in particular, α = −5.65, β = 1.05, and γ = −6.3) and the typical stellar effective temperature for the 9M ⊙ star (T eff ≈ 2818K) along with the maximum AGB luminosity of L ≈ 80, 000L ⊙ , we obtain a mass-loss rate of logṀ = −4.11M ⊙ year −1 . This is lower than the maximum mass-loss rate of logṀ = −3.96M ⊙ year −1 found using Vassiliadis & Wood (1993) for the 9M ⊙ AGB model. Groenewegen et al. (2009) compared the Vassiliadis & Wood (1993) and Reimer's mass-loss prescriptions to a sample of AGB mass-loss rates and concluded that the Vassiliadis & Wood (1993) still provides the best description. They did find however that there are also some deficiencies, in particular to the maximum adopted mass-loss rates.
Model results
In Figs. 1 (a) -(c) we show the temporal evolution of (a) the H-exhausted core mass, the (b) temperature in the He-shell and (c) the temperature at the base of the convective envelope for the 5M ⊙ , Z = 0.02 models. The model with a delayed superwind is shown by the black solid lines and the model with the standard Vassiliadis & Wood (1993) mass loss is shown by the red dashed lines (shifted to the left by t = 1 × 10 5 years for clarity). The most striking feature of these figures is the extra TPs in the model with a delayed superwind. This leads to 1) more TDU episodes and a final higher core mass, 2) more TPs where the maximum temperature in the He-intershell exceeds 300 × 10 8 K and, 3) a longer duration for HBB and also a higher peak temperature, which leads to a greater degree of protoncapture nucleosynthesis. An examination of Table 1 shows that the features illustrated in Fig. 1 are present in all of the stellar models that delay the onset of the superwind. The drastic increase in the number of TPs leads to increases in the total amount of He-intershell matter mixed into the envelope by the TDU for 5, 6, and 7M ⊙ models. Furthermore, the peak temperature in the He-shell increases with TP number and consequently the models with a delayed superwind experience more TPs with temperatures sufficient to activate the 22 Ne neutron source, with important consequences for Rb production as well as other heavy elements (see below).
In Table 1 we show the results of the 6M ⊙ , Z = 0.02 model with α = 2.5 and standard Vassiliadis & Wood (1993) mass loss. The strength of the TPs and the efficiency of the TDU episodes are almost the same as the model with α = 1.86. Furthermore, the amount of He-shell material dredged into the envelope over the AGB phase is almost identical to the model with α = 1.86. The most obvious difference is in the efficiency of HBB, which is more intense in the model with a higher α. Given the similarities between the two models in terms of the amount of He-shell material and the strengths of TPs, we do not consider this model further in this study.
Both the 8M ⊙ and 9M ⊙ models enter the thermally-pulsing AGB with pulsation periods P 500 days (see Fig. 2 (a) for the 9M ⊙ model). This means that by the first TP these stars are already experiencing the superwind and consequently the behavior of the temperature at the base of the convective envelope reaches a peak early on and steadily declines with time (see Fig. 2 (d) where the thick solid line represents the temperature during the short interpulse periods). The peak in temperature at the base of the envelope is reached in ≈ 10 TPs or so. Similar behavior is noted for the evolution of the bolometric luminosity. For example, in Fig. 3 we show the core-mass luminosity relation for the 9M ⊙ model, where the luminosity is observed to decrease monotonically with increasing core mass. It is also instructive to examine the behavior of the TDU in these intermediate-mass models. The TDU -8 -efficiency parameter λ is shown to reach a peak at 5M ⊙ and then decrease with increasing stellar mass. This prediction combined with the decreasing He-intershell mass means that even though the 9M ⊙ model experienced 163 TPs, the total amount of He-intershell material dredged into the envelope is roughly a factor of 2 lower than the 5M ⊙ model with standard Vassiliadis & Wood (1993) mass loss. However, the 9M ⊙ model reaches peak He-shell temperatures of ≈ 400 × 10 6 K (Fig 2 (c) ). This will have a strong impact on the s-process nucleosynthesis, and in terms of the final yields, will help to balance out the lower amount of dredged-up material.
Siess (2010) presented the first stellar evolution and nucleosynthesis predictions for super-AGB stars to the end of the AGB phase. Our model compares reasonably well with that of Siess (2010) although the H-exhausted core mass of our model at the first TP is higher, at 1.17M ⊙ compared to the same mass and metallicity model computed by Siess (at 1.06M ⊙ ) and that his model experiences 119 TPs compared to our 163 TPs. This could be simply a consequence of our model being evolved to a lower final total mass of 3.2M ⊙ 2 , at which point Fig. 2 (d) shows that HBB had ceased (the temperature at the base of the envelope is ≈ 2 × 10 7 K). Furthermore, our model experiences more efficient HBB with a peak temperature of 111 × 10 6 K compared to 99.2 × 10 6 K in the Siess model, and higher temperatures during He-shell burning with a maximum of 402 ×10
6 K compared to 341 ×10
6
K in the Siess model. Finally, of consequence for the production of Rb and other heavy elements, the standard models of Siess (2010) show no TDU while our 9M ⊙ model does (see Fig. 2 (b) which shows the evolution of the H-exhausted core). Siess (2010) calculates a series of synthetic post-processing models where he sets the TDU efficiency parameter at a constant λ = 0.8. We will compare to this model in §3 3 .
Before we move onto discussing the results of the post-processing nucleosynthesis results, we briefly mention a comparison of the new 5M ⊙ and 6M ⊙ models presented here with those presented in Karakas (2010) and used in the previous van Raai et al. (2012) study. The new stellar evolutionary sequences were computed with updated C and N-rich lowtemperature opacity tables, which can have the effect of increasing the radius and therefore the mass-loss rate when the star becomes C and/or N-rich as a consequence of nucleosynthesis and mixing (Marigo 2002) . Furthermore, the newer models use the slower rate for the 14 N(p,γ) 15 O reaction from Bemmerer et al. (2006) , which effects the rate of H-burning during the interpulse phase. For most of the masses considered here, efficient HBB prevents -9 -the formation of a C-rich atmosphere so the question of C enrichment should not be important, however all models become N-rich. At this metallicity, 5M ⊙ is the mass at which HBB begins and Ventura & Marigo (2009) showed that the stellar yields of the lowest mass models that experience HBB crucially depend on the adopted molecular opacities (see also Ventura & Marigo 2010) . The new 5M ⊙ model is similar to the previous model (similar number of TPs, peak HBB temperatures and luminosities) but dredged up ≈ 30% more Heintershell material as a consequence of the new model being evolved to a smaller envelope mass. The new 6M ⊙ reveals a larger deviation in that it has 15% fewer TP (33TP compared to 38TP) and lower peak interpulse luminosities and HBB temperatures by roughly 20% and 10%, respectively. This is in spite of the higher mixing-length parameter of 1.86 in the new models compared to 1.75 previously (Ventura & D'Antona 2005a , showed that higher α leads to higher luminosities and temperatures). The lower temperatures and luminosities is likely caused by using the lower 14 N(p,γ) 15 O rate. Overall though, important for s-process nucleosynthesis is the amount of material dredged to the stellar surface. Even though the new model experienced fewer TPs it was evolved to a lower envelope mass and dredged up 13% more He-shell material compared to the old model. In summary the newer models, while computed with improved input physics, show results that are reasonably consistent with the previous calculations.
Nucleosynthesis Results
The stellar evolutionary sequences described above are fed into a post-processing code in order to obtain nucleosynthesis predictions for elements heavier than iron. The details of this procedure have been described in detail elsewhere including Karakas et al. (2009) and Lugaro et al. (2012) . Briefly, the nucleosynthesis code needs as input from the stellar evolution code variables such as temperature, density, and convective boundaries as a function of time and interior mass. The code then re-calculates the abundance changes as a function of mass and time using a nuclear network which contains N species and time dependent diffusive mixing for all convective zones (Cannon 1993) . For this study we utilize three nuclear networks: 1) 166 species using the same rates used in the study of van Raai et al. (2012) , 2) 172 species and based on the latest JINA REACLIB database (Cyburt et al. 2010) , and 3) a 320 species network for a selection of models to examine predictions for hydrogen through to lead. The 166 and 172 species networks include elements from hydrogen to sulfur, and then from Fe to Nb (166) or Mo (172) and includes elements of the first s-process peak at Rb, Sr, Y, and Zr.
The production of elements heavier than Fe in intermediate-mass AGB stars crucially -10 -depends on the rate of the 22 Ne(α,n) 25 Mg reaction. In the 166 species network we use the Karakas et al. (2006b) rate used by van Raai et al. (2012) , whereas in the 172 and 320 species network we use the NACRE (Angulo et al. 1999 ) rate. As a further test, we perform calculations using the 172 species network and use the latest rates of the 22 Ne(α,n) 25 Mg and 22 Ne(α, γ) 26 Mg reactions from Iliadis et al. (2010) .
For the initial composition we took the solar distribution of abundances from Asplund et al. (2009) which sets the global solar metallicity to be Z ⊙ = 0.0142 which we round up to 0.015. We scale the solar abundances to a metallicity of Z = 0.02 which results in a slightly supersolar initial [Fe/H] of 0.14. Solar abundances of C, N, O, Ne, Mg, Si, S, Ar, and Fe are the pre-solar nebula values from Table 5 of Asplund et al. (2009) ; F is the meteoritic value of log ǫ (F) ⊙ = 4.42 from Table 1 of the same paper, chosen because it has a lower uncertainty. For the same reason we use the meteoritic values for the solar abundances for many elements heavier than Fe including Sr, Eu, and Pb.
In Figs. 4 and 5 we show the nucleosynthetic results for the elements lighter and heavier than Fe, respectively, from the 5M ⊙ model with a delayed superwind and 320 species. For some of the heavier elements, the initial [X/Fe] < 0 (e.g., Sb and Te) because we do not include all of the stable isotopes in the network. For example for Te, a large fraction (roughly 65%) of the elemental component comes from isotopes produced by the rapid neutron capture process (i.e., 128 Te and 130 Te) and we do not include these isotopes in our 320 species network. Overall, the nucleosynthesis is as expected with significant N and Rb production as well as some surprises including some Sc production ([Sc/Fe] ≈ 0.3 dex), along with Co and Cu production (at the level of 0.6 dex for Co and Cu; see also Smith & Lambert 1987 ). Carbon shows a strong variation with a decrease down to [C/Fe] ≈ −0.6 followed by an increase to ≈ 0.07 by the tip of the AGB. Also from Fig. 5 we see no significant production of elements beyond the first s-process peak. This is not the case as the metallicity is reduced: the sprocess predictions for the 6M ⊙ , Z = 0.0001 model presented by Lugaro et al. (2012) Fig. 6 would be even more extreme if we were to use the NACRE rate for the 22 Ne(α,n)
25 Mg reaction.
In Tables 2 and 3 we present a selection of elemental and isotopic abundance ratios at the tip of the AGB for the nucleosynthesis models computed for this study. In each case we list the mass, the pulsation period (P ) at which the superwind begins, the network used for the calculation, the rate for the 22 Ne(α,n) 25 Mg reaction, and then a selection of isotopic and elemental abundance ratios, where we adopt the standard spectroscopic notation, [X/Fe].
-11 -All isotopic and element ratios were computed using abundances by number. We find good agreement between models using the 172 and 320 species networks and the NACRE rate for the 22 Ne neutron source. Table 2 shows that the production of elements beyond the first s-process peak (Ba as an example) is negligible and hence our assumption of neglecting these species is valid for this study. Now we compare results from models computed using the 172 species network but different rates for the 22 Ne +α rates (from NACRE and from Iliadis et al. 2010) . Using the NACRE rate results in the highest levels of Rb and neutron-capture element production although there is only ≈ 0.1 − 0.3 dex difference between calculations that use the NACRE rate compared to those that use the Iliadis et al. (2010) rate. The 166 species network used in the van Raai et al. (2012) study results in the lowest levels of neutroncapture nucleosynthesis. There are other differences between the two networks besides the rate of the 22 Ne +α reactions. The 166 network includes older proton capture rates for the CNO cycle and the NeNa and MgAl chains, along with fits to the neutron-capture cross sections of Bao et al. (2000) whereas the updated 172 network includes JINA REACLIB fits to the KADoNiS database 4 .
In terms of the nucleosynthesis of elements lighter than Fe, we find the effects of HBB are clearly evident in all models, including the 5M ⊙ model with a standard Vassiliadis & Wood (1993) mass loss which becomes C-rich at the final TPs. All models show enhanced lithium, nitrogen and sodium, mild to moderate oxygen destruction, and small increases in magnesium and aluminum. The observations of García-Hernández et al. (2007) show that some stars enhanced in Rb have high Li and some have low Li (see discussion in van Raai et al. 2012) . The final Li abundances of our models also show a large variation where log ǫ(Li) 5 varies between 2.4 for the 5M ⊙ model with a delayed superwind to −2.2 for the 7M ⊙ with a delayed superwind. The 8M ⊙ and 9M ⊙ models have final log ǫ(Li) = 2.0 and 1.9, respectively.
In all cases the Mg isotopic ratios are also altered from their initial solar values, and most of all in the 9M ⊙ model with the most extreme HBB. In this case the alteration of the Mg isotopes is mostly the result of proton-captures via the Mg-Al chains. For the lighter elements we find good agreement between all nuclear networks for C, N, and O. The [Na/Fe] ratio is shown to be significantly lower in the updated 172 and 320 species networks; this is a result of using the newer 23 Na + p rates from Hale et al. (2004) whereas the 166 species network uses the NACRE rates (see discussion in Karakas 2010) . The elemental [Al/Fe] predictions are reasonably consistent between the different networks at a given mass, although the effect of using different 22 Ne +α rates is evident in the predictions for the Mg isotopic ratios.
-12 -In Karakas (2010) we compared our nucleosynthesis results for AGB stars of ≤ 6M ⊙ to other groups. Given the consistency between the older models and those presented here we do not repeat that discussion. Siess (2010) provides yields -in terms of the mass (in M ⊙ ) of each element ejected by the stellar winds -for the super-AGB stars considered in his study. Here we compare the results from Siess's synthetic 9M ⊙ , Z = 0.02 nucleosynthesis model with a constant λ = 0.8 and 342 TPs to our 9M ⊙ model, which has λ ≈ 0.77 and 163 TPs. For this comparison we use yields from the 172 species network. The hydrogen yield is essentially the same in our calculations, our 4 He yield is only 3% lower (where the final Y ≈ 0.38), our 12 C yield is about 60% lower although our yield of 14 N is 3% higher, indicating more processing by HBB. We also include a synthetic extension for this model (see §4) that results in an extra 60 TPs bringing the total to 223 TPs and increases in 12 C but no further increase in 14 N because HBB had ceased. Keeping in mind the qualitative nature of the yields presented by Siess (2010) and that our model experienced many fewer TPs, these differences are relatively small. (2012) showed that including 13 C pockets increase the production of Rb by up to 0.4 dex. In this study we perform one test calculation where we include some extra mixing of protons into the He-intershell of the 5M ⊙ Z = 0.02 model with a delayed superwind. We do this in the same manner as described by van Raai et al. (2012) and Kamath et al. (2012) . We assume that protons are partially mixed into the intershell over a region of mass, M mix , at the deepest extent of each TDU episode, where the number of protons decreases exponentially from the envelope composition, X p ≈ 0.7, to X p = 1 × 10 −4 . In this test case we set M mix = 1 × 10 −4 M ⊙ for the 5M ⊙ model, where M mix is constant. In general, the mass of the He-intershell is about a factor of 10 larger than M mix . The final surface [Rb/Fe] is 0.93 dex, an increase of about 0.2 dex on the model without a 13 C pocket. This is smaller than found by van Raai et al. (2012) at the same mass and metallicity, although we note that the 5M ⊙ , Z = 0.02 model used by van Raai et al. (2012) with Vassiliadis & Wood (1993) mass loss only produced a final [Rb/Fe] = 0.05 dex. These results are encouraging and suggest that the inclusion of a small 13 C pocket could lead to [Rb/Fe] ratios consistent with the average of the observed abundances, when considering models with a delayed superwind.
-13 -
Synthetic evolution to the tip of the AGB
In all cases the stellar evolutionary sequences were not evolved until the envelope mass was removed and the model star had left the AGB. This is a result of convergence difficulties that arise once the envelope mass drops below some value (M env ≈ 1M ⊙ depending on initial mass, see Table 1 ). In all cases convergence difficulties end the calculation after the cessation of HBB (e.g., see Figs.1 and 2) . The distribution of white dwarf (WD) masses reveals the existence of massive WDs (≈ 0.8M ⊙ to 1.2M ⊙ ) originating from single star evolution Ferrario et al. 2005 ). This suggests that whatever the cause of the convergence difficulties, real stars somehow lose their envelope at the tip of the AGB. The real uncertainty is whether or not the model stars should experience further TPs and TDU episodes near the tip of the AGB (Lau et al. 2012) .
Assuming that TPs and TDU episodes will occur, it is possible to estimate the effect of these extra TPs on the surface compositions of our model stars. We do this in the same manner described by e.g., Karakas & Lattanzio (2007) and van Raai et al. (2012) . Our method is simple by synthetic AGB evolution standards (Marigo 2001; Izzard et al. 2004) although of a similar complexity to the synthetic extensions to the nucleosynthesis used by e.g., Forestini & Charbonnel (1997) for AGB stars, and Siess (2010) for super-AGB stars. For further details we refer to the discussion in Karakas & Lattanzio (2007) . Our method assumes that all of the physical quantities of the star (e.g., luminosity, interpulse period, TDU efficiency etc) are assumed to remain constant at the tip of the AGB. The study by Karakas & Lattanzio (2007) showed that this is a reasonable assumption at the tip of the AGB in intermediate-mass stellar models. The main uncertainty of this method is the efficiency of the TDU, which we assume remains the same throughout our synthetic calculations. Theoretical models of intermediate-mass stars with deep TDU find that the efficiency does not vary significantly, even with decreasing envelope mass (Karakas 2010) . For a selection of stellar evolutionary sequences we estimate the number of remaining TPs; this is shown in Table 4 . The stellar mass and pulsation period (P ) at which the superwind begins are listed together with the amount of material lost at each interpulse period (∆M), the Rb intershell mass fraction (X(Rb) intershell ), and the final [Rb/Fe] ratio predicted by our synthetic calculations. In all cases we take intershell compositions from the 172 species network with the NACRE rate for the 22 Ne reaction, as these should provide an upper limit to the final [Rb/Fe] ratio.
For the 9M ⊙ model the synthetic algorithm estimated that there should be 60 TPs remaining and the final [Rb/Fe] = 0.90. For this model, the large number of synthetic TPs stretches our assumption of a constant luminosity, interpulse period, intershell composition, etc. (e.g., see Fig. 3 which shows the evolution of the luminosity with core mass). Varying -14 -the interpulse period and luminosity by reasonable amounts (≈ 20% over 60 TPs) changes the final estimate for [Rb/Fe] by only ≈ 0.05 dex. The largest change to the final [Rb/Fe] ratio is obtained by increasing the intershell composition of Rb. Over 60 TPs, the intershell composition of Rb increased by about a factor of two, as a result of TPs becoming hotter with evolution. Assuming that the Rb intershell mass fraction increases again by a factor of two we obtain a final [Rb/Fe] of 1.12 dex, which we consider as the maximum value for this particular model. Finally, the synthetic evolution algorithm results in a final H-exhausted core mass of 1.19M ⊙ , still well below the critical core mass value of ≈ 1.37M ⊙ (Nomoto 1984) , above which electron capture reactions start and the core collapses. This is also the case if we were to assume that there are no more TDU episodes, where we predict a final core mass of 1.22M ⊙ .
The main point of this section is to highlight that it is possible to reach [Rb/Fe] values of 1.3 dex in the 6M ⊙ and 7M ⊙ models simply by extending the evolution and allowing for TPs near the tip of the AGB. In all of the models, the synthetic extension causes the surface composition to become carbon rich, where C/O > 1, owing to the fact that HBB has ceased but the TDU continues. For this reason we conclude that TPs that occur after the cessation of HBB are not the cause of the highest Rb overabundances observed in the OH/IR stars.
Discussion
First we examine the behavior of [Rb/Fe] as a function of mass (or bolometric luminosity) for the set of models computed using the Vassiliadis & Wood (1993) mass-loss prescription. In Fig. 7 we show the bolometric luminosity at the tip of the AGB versus the [Rb/Fe] ratios for models calculated using the Vassiliadis & Wood (1993) mass-loss formula and for models with a delayed superwind. We show results from the 172 species network that used the NACRE rate for the From Fig. 7 we see that models with a delayed superwind produce higher [Rb/Fe] abundances (shown by the upper solid line) and are found within the shaded region of the observations. This is mostly because these models experience many more Vassiliadis & Wood (1993) . We find smaller increases of ∆[Rb/Fe] = 0.25, 0.58, and 0.50 dex when using the 166 species network and the rate from Karakas et al. (2006b) . In comparison, we find smaller variations if we compare nucleosynthesis models computed with the same stellar evolution input but different nuclear networks and rates for the 22 Ne +α reactions. For example, using the newer Iliadis et al. (2010) rates for the 22 Ne +α reactions instead of NACRE in the models with a delayed superwind results in decreases of up to 0.3 dex in the final [Rb/Fe] abundance. There are larger variations of up to 0.5 dex between the 172 species network delayed superwind models with the NACRE rate and models computed with the 166 species network with the Karakas et al. (2006b) rate. van Raai et al. (2012) did not find such large variations and indeed they only show up for the models with a delayed superwind. This is a consequence of the models experiencing many more TPs at temperatures that allow for activation of the 22 Ne neutron source.
In Fig. 8 we show the surface [Rb/Fe] abundance versus the pulsation period for two models with a delayed superwind. Here the [Rb/Fe] value is seen to increase reasonably quickly for pulsation periods higher than about 500 days and 600 days for the 5 and 7M ⊙ models, respectively. Once the superwind starts, the [Rb/Fe] abundance is seen to plateau. This is because the [Rb/Fe] does not increase very much from one TP to another ([Rb/Fe] only increases by ≈ 3 − 10 × 10 −3 dex per TP). During the superwind the pulsation period increases quickly but [Rb/Fe] does not. The predicted [Rb/Fe] of the 7M ⊙ model enters the lowest observed abundance range (0.6 dex) of the Rb-rich stars at a pulsation period of approximately 700 days, whereas the 5M ⊙ only does so near the end of the calculation. The observed period versus [Rb/Fe] relationship for the Rb-rich OH/IR stars is not published but a comparison would prove useful for providing extra constraints on the stellar evolution calculations.
-16 -Models with a delayed superwind also produce the highest Rb intershell abundances, again a consequence of more TPs. An increase in TPs leads to an increase in core mass, which leads to an increase in the maximum He-shell temperature. An increase in temperature results in a stronger activation of the 22 Ne(α,n) 25 Mg reaction and more Rb production. However it is instructive to compare the results for the 9M ⊙ super-AGB model in comparison to the 6 and 7M ⊙ models computed with a delayed superwind. These models experienced similar numbers of TPs with temperatures over 300 × 10 6 K (150, 178, 155 TPs for the 6, 7, and 9M ⊙ models respectively) but the 6 and 7M ⊙ models produce more Rb in the intershell. To understand why we need to examine Rb production in more detail. van Raai et al. (2012) 6 . This lifetime of 10.7 years is longer than the duration of convective TPs (τ 3 years) in the 9M ⊙ model, and also less than duration of the TDU (τ 3 years). This means that most of the 85 Kr decays to 85 Rb after mixing has finished. Note that the next TP is ignited further out in the He-intershell, leaving the previously made 85 Rb in the core. In contrast, the duration of convective TPs in the 6M ⊙ model is about 15 years, which allows the 85 Kr to decay before the onset of the subsequent TDU episode.
We can now examine if either of the two proposed solutions we are testing can produce enough Rb to match the observations. Increasing the stellar mass does produce more Rb and leads to higher [Rb/Fe] ratios. The 8 and 9M ⊙ models can produce enough Rb to match the bulk of the Rb-rich stars with [Rb/Fe] ≈ 1 dex but only when synthetically extending the calculation to account for remaining TPs. Given the uncertainty of the synthetic calculation for the 9M ⊙ model we take this result as tentative. Other calculations of s-process nucleosynthesis of AGB stars near the C-O core limit as well as super-AGB stars are needed to verify our synthetic model predictions. The super-AGB models of C. Doherty et al. (2012, in preparation) and H. Lau et al. (2012, in preparation) cover a larger range of mass, metal--17 -licities, and mass-loss rates than we have explored here. It will be interesting to see if these models will be able to produce [Rb/Fe] abundances of 2 at solar metallicity.
We can now also address the question as to whether delaying the superwind can produce enough Rb to match the [Rb/Fe] ratios derived for the Galactic OH/IR stars. Without the synthetic extension, the 6M ⊙ and 7M ⊙ models with a delayed superwind produce the highest [Rb/Fe] ratios of 1.14 and 1.02 dex, respectively. Both of these models are within the observed range of most Rb-rich stars which have [Rb/Fe] 1.6 ± 0.8 dex. The synthetic extension to the nucleosynthesis calculations results in [Rb/Fe] ratios of 1.3 and 1.34 dex for the 7M ⊙ and 6M ⊙ models, respectively. This means that the 6M ⊙ with a delayed superwind can match the composition of the two Rb-enriched stars that have [Rb/Fe] ≈ 2 dex after allowing for the substantial uncertainties of ±0.8 dex (only one other star has a higher ratio at [Rb/Fe] = 2.5 dex). Overall, we conclude that delaying the superwind leads to higher [Rb/Fe] ratios, with most of the Rb-enriched stars (with [Rb/Fe] 1.6 dex) explained by the new stellar evolution models, even without allowing for the synthetic extension. It is also satisfying that this simple solution is motivated by observations of intermediate-mass AGB stars (e.g. Vassiliadis & Wood 1993; García-Hernández et al. 2007 ).
The synthetic extension (dashed lines in Fig. 7 ) that accounts for final remaining TPs after the end of HBB allows us to reach [Rb/Fe] abundances of ≈ 1.4 dex. The increase in heavy elements comes with a substantial increase in 12 C and in all cases the final predicted C/O > 1. All our model stars would be observed as dust-enshrouded bright C-rich AGB stars (as seen in the LMC, van Loon et al. 1999b) . In all cases the synthetic extension takes place when the pulsation period is very large (see Fig. 8 ) and the strong variability present on the AGB has almost ceased. Interestingly, many dust-enshrouded early post-AGB stars (with no signs of strong variability or very large periods) are found to show an inner C-rich dust shell together with an outer O-rich dust envelope, which is consistent with a late change of the chemistry of the central star (see Bunzel et al. 2009 ). These authors concluded that because all of the post-AGB stars still host masers in an O-rich environment the conversion of the inner shell chemistry cannot have happened more than a few thousand years ago. All stars must have experienced the conversion into a C star while they were losing the last of their envelopes before exposing their cores.
For the 6 and 7M ⊙ models, only 4 and 7 extra TPs and TDU episodes are needed to reach [Rb/Fe] abundances of 1.4 dex. These synthetic estimates are produced with a much reduced envelope mass owing to the effect of the luminosity-driven superwind. The smaller dilution leads to larger [Rb/Fe] more quickly than during the normal evolution but it also perhaps suggests that we are too modest with our delay in the onset of the superwind. For some stars the superwind may not begin until the pulsation period reaches P 1000 days -18 -or higher and this could lead to [Rb/Fe] 1.4 dex. This explanation could also account for the composition of the three most Rb-enriched stars, with [Rb/Fe] 2 dex.
We studied the inclusion of a 13 C-rich region in the He-intershell of a 5M ⊙ , Z = 0.02 model and found it to increase the [Rb/Fe] ratio by ≈ 0.2 dex. This suggests that we may be able to obtain the average observed Rb value by 1) delaying the onset of the superwind even further than done here, and/or 2) including a 13 C pocket. There are questions about the formation of 13 C pockets in intermediate-mass AGB models. This is because the temperature at the base of the convective envelope during the TDU may become hot enough for proton-capture nucleosynthesis (Goriely & Siess 2004; Herwig 2004) . For this study the most important consequence is the likely inhibition of formation of the 13 C pocket (Goriely & Siess 2004 ). The models of Herwig (2004) have very deep TDU into the CO core, as a consequence of the diffusive convective overshoot scheme that he employs (see, e.g., Herwig 2000) . One interesting consequence of this overshoot is that each subsequent TP will be ignited deeper in the core and will be hotter. This would lead to a stronger activation of the 22 Ne(α,n) 25 Mg reaction, and more Rb production. Also, the very deep dredge-up could reach the Rb left in the core, further enhancing the surface composition. It remains to be seen if this can produce Rb compositions as high as observed in the OH/IR stars.
While it has been assumed that the metallicities of the Galactic OH/IR stars are solar (García-Hernández et al. 2007) , it cannot be discounted that there may be a small spread in metallicity. In van Raai et al. (2012) and from Fig. 4 we see that a reduction in the initial metallicity results in a substantial increase in the production of neutron-capture elements and of Rb, in particular. For example, using models from Karakas (2010) (Sterling & Dinerstein 2008) . Note that this is also the case for Type I PNe, which are known to be the descendants of more massive AGB stars, according to their spatial distribution and kinematics (e.g., Corradi & Schwarz 1995) . Also, a large spread of metallicities is known in other galaxies such as the Large Magellanic Cloud (e.g., Grocholski et al. 2006) . In summary, while the solutions proposed to explain the three most Rb-enriched stars seem promising, further detailed calculations are needed to test these -19 -scenarios.
In van Raai et al. (2012) we provided a detailed discussion of the serious uncertainties affecting the model atmospheres used to derive abundances for the OH/IR AGB stars, including NLTE and 3D effects on the formation of Rb lines in the atmospheres. Effects caused by using 1D model atmospheres compared to 3D are expected to be lower in the Galactic sources than in the Magellanic Cloud AGB stars owing to their higher metallicities. This means that our new results may bring observations and models into agreement without having to invoke large NLTE corrections. Note also that the NLTE corrections are expected to be larger in the outliers (the three objects with [Rb/Fe] 2 dex), because the lines are more saturated. Finally, we do not repeat the discussion in van Raai et al. (2012) relating to the problem of the [Rb/Zr] ratio in the model stars compared to the observations. The problem stems from the fact that the models that produce Rb also produce some Zr, whereas Zr is absent from the atmosphere of the observed AGB stars. Here we note that the new models produce higher [Rb/Zr] ratios, in better agreement with the observations, but it still seems likely that an important fraction of the freshly manufactured Zr condenses into dust.
Concluding remarks
We have shown that delaying the superwind in intermediate-mass AGB stars results in far greater production of Rb and other neutron-capture elements at solar metallicity. This indicates a possible solution to the discrepancy between Rb observations and theoretical model predictions. Including a synthetic model to account for the final remaining TPs further increases the Rb composition of the envelope. The extra Rb comes with an increase of C and the final C/O ratio is ≥ 1 for all models. However this exercise shows that not many more TPs are needed for the 6M ⊙ and 7M ⊙ models to match the average [Rb/Fe] ratio of most of the Rb-rich OH/IR stars. This could be achieved by delaying the start of the superwind mass-loss phase even further than done here or including a small 13 C pocket. These solutions may also allow us to reach the [Rb/Fe] abundances of the most Rb-rich stars with [Rb/Fe] 2.
In regards to reaction rates, we tested different nuclear networks and different rates for the 22 Ne(α,n) 25 Mg and 22 Ne(α,γ) 26 Mg reactions. Tests with a full s-process network of 320 species shows that at solar metallicity the stars are not expected to produce many elements beyond the first s-process peak at Rb-Sr (except perhaps in the case when a 13 C pocket is included). In regards to the 22 Ne +α reactions, the NACRE rates result in the highest Rb abundances. The newer 22 Ne +α rates from Iliadis et al. (2010) , which have significantly lower uncertainties, produce [Rb/Fe] ratios that are lower by up to 0.3 dex, whereas the rates -20 -from Karakas et al. (2006b) produce final [Rb/Fe] that are up to 0.5 dex lower. Note that this is mostly because the 22 Ne(α,γ) 26 Mg rate from Iliadis et al. (2010) has been significantly reduced, while the 22 Ne(α,n) 25 Mg rate is similar to Karakas et al. (2006b) . Using the 22 Ne +α reactions from Iliadis et al. (2010) produces final maximum [Rb/Fe] ≈ 0.9 dex and covers the lower end of the distribution of [Rb/Fe] in the observed OH/IR AGB stars. To match the composition of most of the Rb-rich stars requires us to use the faster NACRE rates. This may provide an important constraint on these notoriously difficult to estimate reaction rates. The main issue with this at the moment is the large uncertainties on the Rb abundances derived from observations.
We finish with a discussion of the impact of the nucleosynthesis of the brightest AGB stars on the chemical evolution of galaxies and stellar systems. Delaying the superwind in intermediate-mass stars results in a far greater production of neutron-capture elements at solar metallicity and we would expect that this increased production to carry on through to the lowest metallicities. Our models and the observations by García-Hernández et al. (2006) and García-Hernández et al. (2009) show that the most massive C-O core AGB stars of solar metallicity (up to 7M ⊙ ) and at the metallicities of the Large and Small Magellanic Clouds experience considerable dredge-up. This has some important consequences. If intermediatemass stars at the metallicities of the Galactic globular clusters (GCs; −2.3 [Fe/H] −0.7) also experience deep TDU, then intermediate-mass AGB stars would not be good candidates to explain the abundance anomalies observed in every well studied GCs (e.g., Gratton et al. 2004 ). This has been explored quantitatively by Fenner et al. (2004) and Karakas et al. (2006a) using yields from models with deep dredge-up, similar to those presented here. Intermediate-mass stars of up to 6 − 7M ⊙ might instead be candidates for producing the neutron-capture elements in some GCs, including M4 (Yong et al. 2008b,a) and M22 (in particular see discussion in Roederer et al. 2011) . Note that the neutron-capture elements observed in GCs do not show any correlation with the light-element abundance patterns, ruling out a relation between the two. However, models of stars with masses near the limit of C-O core production (here the 8M ⊙ model) or super-AGB stars with O-Ne cores may not experience very efficient TDU (see the models of Siess 2010; Ventura & D'Antona 2011). These objects experience very hot HBB and depending upon the model, little pollution from He-intershell material (notably primary 12 C). Siess (2010) and Ventura & D'Antona (2011) explored this idea using super-AGB models of the appropriate metallicity. Further, our results and theirs show that super-AGB stars can produce the high helium abundances of Y ≈ 0.4 needed to explain the multiple-populations observed in the color-magnitude diagrams of some GCs (e.g., Piotto et al. 2005) .
How can we test that intermediate-mass AGB stars of low metallicity did (or did not) produce the neutron-capture elements in GCs? Unfortunately it is not possible to verify -21 -this production directly with observations today, although there do exist bright s-process rich AGB stars in the SMC with metallicities of [Fe/H] = −0.7 , which are at the upper end of the GC metallicity distribution (e.g., 47 Tucanae, Harris 1996) . However, the most metal-poor, massive AGB stars would have evolved away a long time ago. One hope is that future large-scale surveys of halo stars (e.g., the High Efficiency and Resolution Multi-Element Spectrograph for the AAT or SkyMapper) might reveal hints of such nucleosynthesis among the carbon and nitrogen-enhanced metal-poor star population. (2012) . The nuclear network used for this calculation had 320 species and included the 22 Ne + α rates from Karakas et al. (2006b) . Included are the approximate locations of some key elements, noting that Pb is at Z = 82. Each dot represents the surface composition after a thermal pulse. Karakas et al. (2006b) , NAC is the NACRE rate, and IL10 the rate from Iliadis et al. (2010) . 
